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Abstract

Introduction

Ketogenic Dietary Therapies (KDTs) have traditionally been 
used in the treatment of paediatric refractory epilepsy.[1,2] Over 
nearly 100 years (since 1921) of use for paediatric epilepsy, 
and better understanding about the mechanisms of action, 
the spectrum of therapeutic indications of KDTs seems to be 
evolving, with parallel substantial increment in publications 
on KD in the last decade.

There are four forms of KDT available, which include the 
classic KD, the modified Atkins diet (MAD), the medium‑chain 
triglyceride diet  (MCT) and the low glycaemic index 
treatment (LGIT).[3] The classic KD used a 3:1 to 4:1 ratio of 
fat to carbohydrates (in grams). In the MAD, carbohydrates 
are restricted to 20 g per day and fats are increased. The major 
advantage of the MAD is that it can be initiated on an outpatient 
basis, unlike the classic KD. The MCT diet involves the use of 
medium‑chain triglycerides as a rich ketogenic source thereby 
permitting relative liberalisation of carbohydrates in the diet. 
In the LGIT diet, complex carbohydrates with high glycaemic 
index are employed.

Even among epilepsy patients, additional effects of the KDTs 
were noted apart from seizure control, namely improvement in 
alertness, behaviour, sleep and cognition. These effects were 
not totally explained by either seizure control or reduction in 
antiseizure medication dosages. However, apart from these 
effects in epilepsy, the ketogenic diet was shown to confer a host 
of benefits including improved energy, decreased negative affect, 
improved social functioning, working memory and quality of 
life.[4] The broad range of non‑epilepsy conditions in which the 

KDTs have been studied with varying degrees of therapeutic 
efficacy includes autism spectrum disorders, Angelman 
syndrome, mitochondrial diseases, headache, traumatic brain 
injury, Alzheimer’s disease, Parkinson’s disease, sleep disorders, 
amyotrophic lateral sclerosis, brain tumours, etc.

Bioenergetic dysregulation, including energy failure as seen in 
mitochondrial conditions, is increasingly considered to be a key 
mechanism underlying neuronal death in neurodegenerative 
conditions, leading to considerable interest in the repurposed 
role of the ketogenic diet in these diseases. The various 
mechanisms underlying the efficacy of the KDT in both 
epilepsy and non‑epilepsy conditions are summarised in 
Figure 1. The term ‘neuroketotherapeutics’ was recently coined 
to refer to the use of ketosis for the improvement of diseased 
conditions of the nervous system. The target interval of ketone 
blood concentrations is from >0.2 up to 5‑8 mM, which is in 
the range of moderate ketosis and has been reported to be safe 
and helpful.[5‑7]

Ketogenic dietary therapies (KDTs) have been in use for refractory paediatric epilepsy for a century now. Over time, KDTs themselves have 
undergone various modifications to improve tolerability and clinical feasibility, including the Modified Atkins diet (MAD), medium chain 
triglyceride  (MCT) diet and the low glycaemic index treatment  (LGIT). Animal and observational studies indicate numerous benefits of 
KDTs in paediatric neurological conditions apart from their evident benefits in childhood intractable epilepsy, including neurodevelopmental 
disorders such as autism spectrum disorder, rarer neurogenetic conditions such as Rett syndrome, Fragile X syndrome and Kabuki syndrome, 
neurodegenerative conditions such as Pelizaeus‑Merzbacher disease, and other conditions such as stroke and migraine. A large proportion of 
the evidence is derived from individual case reports, case series and some small clinical trials, emphasising the vast scope for research in this 
avenue. The term ‘neuroketotherapeutics’ has been coined recently to encompass the rapid strides in this field. In the 100th year of its use for 
paediatric epilepsy, this review covers the role of the KDTs in non‑epilepsy neurological conditions among children.
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In the 100th year anniversary of its use for epilepsy, this paper 
aims to explore the utility of the ketogenic use in non‑epileptic 
conditions in children.

Search Methodology

We have conducted a narrative review using PubMed database 
which was searched and all published data available on uses of 
the ketogenic diet in child neurology other than epilepsy up to 
December 2020 was reviewed, using the search terms ‘ketogenic 
diet’ or ‘ketogenic dietary therapy’ or ‘Modified Atkins diet’ 
and ‘paediatric neurology’ or ‘child neurology.’ Additional 
cross‑search was conducted for specific conditions such as ‘stroke’, 
‘migraine’, ‘autism spectrum disorder’, ‘Rett syndrome’, ‘global 
developmental delay’, ‘Fragile X syndrome’, ‘Kabuki syndrome’, 
‘Pelizaeus Merzbacher disease’ and ‘Subacute sclerosing 
panencephalitis.’ All types of studies including reviews, clinical 
studies, case series, case reports were included in the review. The 
abstracts were screened for relevance to the review topic.

KD in Neurodevelopmental  Disorders

Autism spectrum disorder (ASD)
ASD is characterised by impairments in social communication 
and social interaction, and the presence of repetitive, restricted, 
patterns of behaviour and interests. No specific therapy is 
currently available for social deficits and repetitive behaviours.

KDT has been shown to reduce cortical excitability, restore 
bioenergetics dysfunction, improve myelin formation and white 

matter development and improve gut microbiota [Figure 1].[8] 
At the molecular level, the role of chronic neuroinflammation 
and altered ATP synthesis have been suggested to underlie 
some aspects of ASD.[9,10] Recently, insight into possible 
genetic‑environmental interactions as a cause of ASD 
have provided a clue to the possible role of physiological 
abnormalities in the functioning of mitochondria.[11]

Animal data
Several animal studies have demonstrated that ketogenic 
diet might be effective in treating an ASD‑like behavioural 
phenotype by improving sociability and decreasing repetitive 
behaviour.[12‑14]

Clinical data
In human trials also [Table 1], ketogenic diet was observed 
to be effective in mitigating deficits in social behaviour, 
communication and repetitive behavioural patterns. The 
KD has been studied for ASD in two uncontrolled and one 
controlled open‑label clinical trials and the MAD has been 
studied in one controlled open‑label trial. Most commonly, 
majority of the children tolerated the diet and demonstrated 
moderate improvement in ASD symptoms, as monitored by 
Childhood Autism Rating Scale (CARS) or Autism Diagnostic 
Observation Schedule (ADOS) scores.[15‑18]

Developmental delay
Global developmental delay is defined as significant delay in 
two or more developmental domains. There is very limited 
data on the role of KDTs in this entity.

Ketogenic dietary therapy
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Figure 1: Mechanisms of action of ketogenic dietary therapy. ATP= adenosine triphosphate; BHB= betahydroxybutyrate; GABA= gamma aminobutyric 
acid; PUFA= polyunsaturated fatty acids; ROS=reactive oxygen species
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Table 1: Some neurological conditions for which KDTs has been used in human studies among children

Author/ year Study population Intervention Outcomes Type of study

Autism Spectrum Disorder 
Mu et al./ 2020[17] 10 typically developed 

controls and 17 children with 
ASD at baseline

3 months of treatment 
with a modified KD 
regimen

KD restored lower selenium levels 
in ASD to that of controls; Negative 
correlation between the changes in 
selenium and behaviour scores.

Clinical 

El-Rashidy et al./ 2017[18] 45 children with ASD 
randomised to three groups- 
MAD, GFCF and normal 
balanced diet

Randomised for 6 
months to one of three 
groups

19% children in MAD showed 
reduction in CARS scores compared 
to 11% in GFCF group and 0.7% in 
control group. MAD also scored better 
in cognition and sociability compared 
to GFCF group.

Clinical

Lee et al./2014[16] 15 children with ASD aged 
2-17 years

Modified ketogenic 
gluten-free diet regimen 
with supplemental MCT 
for 3 months

Significant improvement in core 
autism features noted on ADOS-2 and 
CARS; 6/15 had >30% reduction in 
ADOS-2

Clinical

Evangeliou et al./ 2003[15] 30 children with ASD aged 
4-10 years

KD given for 6 months; 
4 weeks continuously 
followed by two-week 
diet free interval

18/30 had reduction in CARS scores 
(2 had >12 point reduction, 8 had 
8-12 point reduction, 8 had 2-8 point 
reduction in CARS scores)

Clinical

Global developmental delay/ Intellectual delay
Zhu et al./2017[19] Prospective case control 

study among children with 
GDD
MAD (n = 40) and 
conventional treatment 
group (n = 37) along with 
comprehensive rehabilitation 
training

MAD versus 
conventional treatment
Assessed at 3, 6 and 9 
months

At 3, 6 and 9 months, MAD arm 
showed significantly greater 
improvement in scores of adaptive, 
fine motor and language quotients of 
the Gessell Development Scale
Significantly greater improvements in 
the CBCL scores and S-M scale

Clinical

Attention Deficit Hyperactivity Disorder
Packer et al./ 2016[20] RCT with crossover design

Dogs with idiopathic 
epilepsy

MCT with a standardized 
placebo diet on canine 
behaviour over 3 months 
and then switched to the 
alternative diet over 3 
months

MCT-fed dogs showed significant 
improvement in the ADHD-associated 
behavioural factor chasing and 
decrease in stranger-directed fear 
versus placebo

Animal

Murphy et al./ 2006[77] Adult male Long-Evans rats Subjects were placed on 
either KD or a control 
diet
Two experiments done

Experiment 1: examined time frame 
and effect of diet on activity.
Experiment 2: Assessed relationship 
between activity and anxiety level.
KD was seen to cause decreased 
activity levels within 24 h
Experiment 2 showed that decrease in 
activity not related to anxiety level

Animal

Murphy et al./ 2005[78] Wistar rats Subjects placed on either 
KD or control diet
Two experiments done

Experiment 1: Rats placed on one of 
three diets: a control diet, a 6.3:1 KD, 
4:1 KD Experiment 2: Rats placed 
either on a control diet or a 4:1 KD.
Activity level, time spent immobile, 
grooming, and in exploratory 
behaviour measured for 600 s
After initiation of the diets, KD-fed 
rats showed lower activity level than 
control rats 

Animal

Rett syndrome
Haas et al./ 1986[79] 7 girls between 5-10 years 

of age
Treatment with 
ketogenic diets using 
MCT oil

Slight improvement in behavior and 
motor concerns reported in 5 patients. 
5 had additionally improved seizure 
control.

Clinical

Contd...
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Table 1: Contd...

Author/ year Study population Intervention Outcomes Type of study
Mantis et al./ 2009[26] Male Mecp2 (308/y) mice KD and a standard 

rodent chow diet (SD) 
over 30 days

Performance in motor behaviour, 
anxiety worse in male RTT mice 
compared to wild-type mice. 
Restriction of either KD or SD 
improved motor behaviour and 
anxiety.

Animal

Fragile X syndrome
Westmark et al./ 2020[27] Fmr1KO mice KD versus regular diet KD selectively decreased seizures in 

male mice but not female mice
Animal

Alternating hemiplegia of childhood
Ulate-Campos et al./ 
2014[80]

10-year old girl with AHC 
with mutations in the 
ATP1A3 gene and insertion/ 
deletion in the SLC2A1 gene

KD initiated Ketogenic diet initiation after 
failure of flunarizine led to dramatic 
reduction in the frequency of attacks, 
along with improvement in motor 
function

Clinical

Roubergue et al./ 2015[56] 4 years 8-month-old girl MAD initiated MAD initiation at 3 y 5 months of 
age led to complete disappearance of 
attacks of hemiplegia over 15 months 
of follow up

Clinical

Schirinzi et al./ 2018[57] 20 months boy symptomatic 
since three months of life

KD initiated On initiation of KD at 20 months, 
both seizures and paroxysmal attacks 
reduced significantly at 2 years and 7 
months

Clinical

Inborn errors of metabolism
GLUT-1 deficiency
Ramm-Pettersen et al./ 
2014[41]

6 patients with GLUT-1 
deficiency

KD or MAD initiated. 
Neuropsychological 
assessment done at 
baseline and minimum 
6 months after 
treatment

Improvement in various 
neuropsychological facets, 6-17 
months after diet therapy

Clinical

Pyruvate dehydrogenase complex (PDC) deficiency
Sofou et al./ 2017[43] 19 patients with PDC 

deficiency
KD initiated for a 
median of 2.9 years

Improvement in epilepsy, ataxia, 
sleep, speech and language

Clinical

Pelizaeus-Merzbacher disease
Stumpf et al./ 2019[54] PMD mouse model with 

preserved blood–brain 
barrier

KD initiated KD improved CNS myelination, 
slowed axonal degeneration and 
normalized motor functions in PMD 
mouse model

Animal

Subacute Sclerosing Panencephalitis
Bautista et al./ 2003[49] 9-years-old male with 

myoclonus unresponsive to 
valproate and clonazepam

KD initiated Myoclonic jerks stopped within two 
weeks of initiation of the diet.
However, these reappeared three 
months later and were refractory. 

Clinical

Nathan et al./ 2019[48] Eight-year old male with 
SSPE, Risk and Haddad 
stage 3a

KD initiated Myoclonic jerks ceased at 11 months. 
Cognition and physical abilities 
improved at 36 months.

Clinical

Ischemic stroke
Shaafi et al./ 2019[69] 24 rats studied in 3: Main, 

control, and sham
. 

Main group received 
KD plus MCT oil from 
3 days prior to stroke 
induction
Ischemic stroke of the 
middle cerebral artery 
induced in Main and 
Control group

Following stroke, KD rats exhibited 
better movement and hand activity 
compared to control group

Animal

Contd...



Kapoor, et al.: Ketogenic Dietary Therapy in Pediatric Neurology

 Annals of Indian Academy of Neurology  ¦  Volume 24  ¦  Issue 4  ¦  July-August 2021474

Clinical data
To explore the role of KDTs in children with global 
developmental delay, Zhu et  al. conducted a prospective 
case‑control study for hospitalised children with global 
developmental delay who were divided into a KD treatment 
group or a conventional treatment group  [Table  1].[19] The 
authors concluded that the KD can improve neurobehavioral 
development and emotional behaviours in children with global 
developmental delay, with few adverse effects. However, 
this study did not mention effects on comorbid epilepsy or 
seizures.[19]

Attention deficit hyperactivity disorder (ADHD)
ADHD in children is characterised by impulsivity, motor 
hyperactivity, inappropriate behaviour and inattention. These 
symptoms are attributed to altered neurotransmission and 
reduced prefrontal cortex metabolism.

Animal data
Several animal studies have shown that administration of KD 
caused reduction in hyperactivity and decreased exploratory 
behaviour compared to controls [Table 1].[20]

Clinical data
Although there is no human study so far aiming to study the 
effect of KD in ADHD, a case study investigated behaviour 

and development in children with severe seizures before 
commencing a ketogenic diet.[21] KD was found to significantly 
reduce seizure frequency within one year along with significant 
improvement in motor functioning, self‑help skills, attention 
and social skills with ketogenic diet in children with abnormal 
emotional and behavioural responses.[21] Although the primary 
outcome in this study was seizure control, it suggested possible 
beneficial implications of ketogenic diet on ADHD‑like 
symptoms in children.

Balance of evidence
Further studies are required, specifically focusing on the effects 
of ketogenic diet in ADHD to directly assess its efficacy.

KD in Neurogenetic Conditions

Rett syndrome (RTT)
RTT, an X‑linked neurodevelopmental disorder caused by 
mutations in the MECP2 gene, is one of the leading causes 
of intellectual disability in female children. The GABAergic 
signalling system has been implicated as a key pathway 
commonly disturbed in neurodevelopmental diseases 
including RTT.[22] The GABA‑A receptor is a therapeutic 
target for neurodevelopmental disorders. One of the 
proposed mechanisms of action of the KD is increase in the 

Table 1: Contd...

Author/ year Study population Intervention Outcomes Type of study
Yang et al./ 2017[70] Mice fed KD for three weeks 

compared to mice on high 
carbohydrate (HC) diet 
or standard chow (control 
group)

Reversible MCA 
occlusion performed 
subsequent to dietary 
intervention

KD-fed mice had significantly 
reduced infarct volume, increase 
in regional cerebral blood 
flow and adenosine levels in 
both ischemic and reperfusion 
stages compared to HC and control 
groups

Animal

Kabuki syndrome
Benjamin et al./ 2017[30] Kmt2d+/βGeo mice KD initiated KD modulated H3ac and H3K4me3 

in the granule cell layer, and 
improvement in neurogenesis 
defect and hippocampal memory 
abnormalities

Animal

Glycogen storage disease type V
Løkken et al./ 2020[45] Three diet regimens for 3 

weeks among patients with 
glycogen storage disease 
type V

2 participants completed 
diet 1 and 3 each 
completed diets 2 and 3
(Diet #1: 65%/15%/20%; 
Diet #2: 75%/15%/10%, 
or Diet #3: 
80%/15%/5%, with % 
indicating proportion of 
fat/protein/carbohydrate)

Five patients had symptom relief, on 
diets #2 and #3. All 3 diet regimes 
improved exercise capacity

Clinical

Busch et al./ 2005[44] 55-year-old male Ketogenic diet initiated Follow up at one year showed 
increased exercise tolerance 
(3 to 60-fold), maximum strength and 
activity

Clinical

AHC= Alternating hemiplegia of childhood; ADHD= Attention deficit hyperactivity disorder; ASD= Autism spectrum disorder; ADOS= Autism Diagnostic 
Observation Schedule; CARS= Childhood autism rating scale; CBCL= Child Behaviour Checklist; GDD= Global developmental delay; GFCF= gluten free 
casein free; GLUT-1=Glucose transporter type 1; KD= Ketogenic diet; MAD= Modified Atkins diet; MCT= medium chain triglyceride; PDC= Pyruvate 
dehydrogenase complex deficiency; PMD= Pelizaeus-Merzbacher disease; RTT= Rett syndrome; S-M scale= Infants-Junior High School Students’ Social 
Life Abilities Scale; SSPE= Subacute sclerosing panencephaliti
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synthesis of GABA and decrease in synthesis of excitatory 
neurotransmitters, such as glutamate [Figure 1].[23]

Animal data
It has been shown that mice with Mecp2‑deficiency exclusively 
in GABAergic neurons rapidly develop forepaw stereotyped 
movements, compulsive grooming, learning and memory 
deficits, abnormal social behaviour, electroencephalography 
hyperexcitability, lack of motor coordination, severe 
respiratory dysrhythmias and premature lethality [Table 1].[24]

KDTs have been shown promising results in controlling 
refractory epilepsy associated with RTT.[25] Though reports 
on application of this diet to RTT cases and in RTT‑mice 
models are scarce, Mantis et al. in their study on Mecp2 null 
mice models, observed that the KD ameliorated anxiety and 
motor measurements.[26] However, further studies are required 
to explore the role of KDTs in non‑epileptic symptomatology 
spectrum in RTT.

Fragile X syndrome (FXS)
FXS is a neurodevelopmental disorder clinically characterised 
by intellectual disability  (overall IQ  <  70), autistic‑like 
behaviours and seizures. FXS results from a triplet repeat 
expansion mutation in FMR1 gene on the X chromosome.

Animal data
Westmark et al. tested the effects of chronic ketogenic diet 
treatment on seizures, body weight, ketone and glucose levels, 
diurnal activity levels, learning and memory, and anxiety 
behaviours in affected mice models [Table 1].[27] They observed 
that KD selectively attenuates seizures in male mice but not 
female mice and differentially affects weight gain and diurnal 
activity levels dependent on genotype, sex and age.[27] Since 
there is growing evidence that KDTs might be beneficial in 
ASD, future research is warranted to delineate their potential 
utility in this syndrome.

Kabuki syndrome
Kabuki syndrome is a monogenic disorder, the manifestations 
of which include intellectual disability, postnatal growth 
retardation, immunological dysfunction, and characteristic 
facial features. The underlying pathophysiology involves defects 
in opening of chromatin, a process essential for transcription 
of genes. Hence, agents that promote open chromatin states, 
such as histone deacetylase inhibitors  (HDACis), could 
have a role in ameliorating disease progression.[28] Recently, 
beta‑hydroxybutyrate (BHB), a ketone body, has been shown 
to have HDACi activity.[29]

Animal data
Benjamin et al. demonstrated rescue of hippocampal memory 
defects and deficiency of adult neurogenesis in a mouse model 
of Kabuki syndrome by imposing a ketogenic diet [Table 1]. 
This strategy might have worked by raising the level of the 
ketone beta‑hydroxybutyrate, an endogenous HDACi. This 
work suggests that KDTs might be considered a feasible 
treatment option for Kabuki syndrome.[30]

Prader‑Willi Syndrome (PWS)
PWS is the most common genetic cause of obesity caused by 
mutations in the paternal genes on chromosome 15q11‑q13. 
During childhood, patients develop insatiable appetite, 
hyperphagia and obesity. Various dietary strategies have been 
used for weight management in PWS.

Clinical data
Felix et  al. conducted a study to test the use of the MAD 
(low carbohydrate and high fat) for children with PWS ages 
6–12  years who were overweight/obese  [Table  1]. They 
observed positive effects on hyperphagia and behaviour in 
patients, with minimal adverse effects.[31]

Though the sample size was small, this study could act as pilot 
study for larger clinical trials investigating the role of KDTs 
in children with PWS.

KD and Brain Tumours

There is preferential dependence of malignant cells on 
glucose and aerobic glycolysis as a source of energy 
(Warburg effect) which renders them susceptible to strategies 
that reduce glucose availability.[32] As rapidly proliferating 
cancer cells are dependent on abundant levels of glucose, 
a ketogenic diet may put the cancer cells under metabolic 
stress and inhibit or delay the cancer’s growth. Other possible 
mechanisms of action could be potential anti‑angiogenic 
and anti‑proliferative effects, decreased substrates for 
macromolecular synthesis, as well as possible effects on 
oxidative stress, the NLRP3 inflammasome, and regulation 
of gene expression.[33,34]

Clinical data
There are limited studies demonstrating the benefit to 
this diet for patients with central nervous system  (CNS) 
malignancies, more so in paediatric population. There have 
been few studies in adults exploring the role of KDTs in 
CNS tumours. They have observed beneficial effect, but 
all had limitations of very small sample size, concurrent 
treatment, and lack of uniformity regarding diagnosis and 
stage of disease.[35,36]

Nebeling et al. reported positive responses in two children 
with astrocytoma.[37] A systematic review evaluating the role 
of KDTs in therapeutic management of adult and paediatric 
gliomas revealed that though the diet is well tolerated, 
there is insufficient evidence to suggest any therapeutic 
effect of KDTs in the management of gliomas. They 
recommended further high‑quality research to determine 
effectiveness of KDTs in management of gliomas.[38] KD 
has also been tried in recurrent diffuse intrinsic pontine 
glioma and subependymal giant cell tumour  (SEGCT) 
among children with tuberous sclerosis  (TSC) with no 
success.[39,40] There are various ongoing prospective clinical 
trials evaluating the effectiveness of KDTs in management 
of CNS malignancies.  (NCT03451799, NCT03328858, 
NCT03160599, NCT02694094)
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KDT in Inborn Errors of Metabolism (IEM)
The KD diet has been effective in improving cognition 
and behaviour in glucose transporter protein 1 deficiency 
syndrome, pyruvate dehydrogenase complex deficiency and 
glycogen storage disease type V.

Glucose transporter protein 1 (GLUT‑1) deficiency
GLUT‑1 deficiency syndrome, associated usually with SLC2A 
mutations, presents phenotypically with developmental delay, 
epilepsy, microcephaly and movement disorders.

Ramm‑Pettersen et al. demonstrated improvements in general 
alertness, expressive language, articulation and cognitive 
index after starting the KD in patients diagnosed with glucose 
transporter protein 1 deficiency complex.[41] In another study, 
MAD was tried in 10 patients with improvement in epilepsy 
as well as movement disorders observed.[42]

Pyruvate dehydrogenase complex (PDC) deficiency
KD use has been reported for PDH deficiency since 1976. 
In PDC deficiency, the end product of glycolysis, pyruvate, 
cannot be optimally routed through the tricarboxylic acid 
pathway, leading to lactate accumulation and impaired ATP 
production. The ketone bodies produced during ketogenesis 
provide alternate fuel sources to the brain.

Sofou et al. implemented the KD on 19 children diagnosed 
with pyruvate dehydrogenase complex deficiency and 
observed improvements in speech and language, ataxia, sleep 
disturbances, behaviour and social functioning.[43]

Glycogen storage disease type V
Glycogen storage disease type V  (GSDV), also known as 
McArdle disease, is a rare inborn error of carbohydrate 
metabolism in skeletal muscle caused by mutations in 
the muscle glycogen phosphorylase gene. Absence of 
myophosphorylase results in inability to mobilise muscle 
glycogen stores. Accordingly, exercise tolerance is limited 
and varies as a function of the availability of alternative 
fuels. Currently, there is no satisfactory treatment for GSDV. 
Since ketone bodies can act as an alternative fuel to muscle 
glycogenolysis during exercise, the role of KD in this disorder 
needs to be explored.

There is one case report in literature, where administration of 
KD to a 55‑year‑old patient for one year led to improvement 
in exercise tolerance.[44] Lokken et al. conducted their study 
in 10 patients and observed that there was improvement in 
exercise tolerance assessed by heart rate changes during 
constant load cycling along with reduction in perceived 
exertion by the patients [Table 1].[45]

Larger, adequately powered trials are needed to investigate the 
role of KD in this disorder.

KDT in Neurodegenerative Disorders

Glucose hypometabolism, mitochondrial dysfunction and 
increased reactive oxygen species  (ROS) production are 

common features in several neurodegenerative diseases, 
including ALS, AD, Parkinson’s (PD) and Huntington’s (HD) 
diseases,  l inking deficient energy metabolism to 
neurodegeneration. Hence, the use of energy fuels such as 
ketones has been suggested as a strategy for the treatment of 
neurodegenerative diseases.[46]

Apart from this altered energy metabolism, the other proposed 
mechanisms of action of KD in neurodegenerative conditions 
are reduction of oxidative stress and neuroinflammation as 
observed in the nervous system of animal models.

Subacute sclerosing panencephalitis (SSPE)
SSPE is a chronic, progressive, inflammatory, and degenerative 
affliction of the brain caused by a persistent infection by, 
or, mutation of the measles virus  (MV). The pathogenesis 
of SSPE is related to direct infection of the central nervous 
system  (CNS) by measles virus, causing progressive 
inflammation and sclerosis (neurodegeneration) of the brain 
due to an impaired immune response.[47]

Clinical data
Since the KD was found effective in refractory epilepsy, 
with anti‑inflammatory and neuroprotective properties in 
neurodegenerative conditions, Nathan et al. explored its role 
in SSPE.[48] They observed that treatment of an 8‑year‑old boy 
diagnosed with SSPE, led to a significant improvement in the 
physical parameters and cognition and resulted in the cessation 
of the myoclonic jerks within a month of starting the therapy. 
Bautista et al. also reported a 9‑year old patient with SSPE 
whose myoclonus improved significantly, albeit temporarily, 
after being placed on the ketogenic diet.[49] However, a 
multicentre, randomised controlled trial would be helpful in 
determining the potential of the KD therapy in SSPE.

Other neurodegenerative disorders
KDTs have been studied in a limited manner in very small 
studies in other neurodegenerative conditions, such as Lafora 
body disease  (LBD). In a preliminary observation among 
five patients with LBD, KD was found to not impact disease 
progression.[50]

In patients with neuronal ceroid lipofuscinosis (NCL), the KD 
was shown to be complementary for seizure control to drug 
therapy among patients with CLN2 disease.[51]

In a prospective open‑label study, four patients (7‑20 years) 
with North Sea Progressive Myoclonic Epilepsy underwent 
the modified Atkins diet. The primary outcome, which was 
health‑related quality of life, improved in one patient but 
remained unchanged in the remaining three patients.[52]

Pelizaeus–Merzbacher disease (PMD)
PMD is a potentially fatal leukodystrophy characterised 
by pathological hypomyelination resulting in nystagmus, 
hypotonia, spasticity, ataxia and retarded cognitive 
development. Currently, PMD lacks any definitive therapeutic 
option. It has been observed in  vitro and in  vivo that lipid 
supplementation can enhance myelination in hypomyelinating 
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pathologies and thereby promote repair. However, under 
physiological conditions, plasma cholesterol cannot cross the 
intact blood–brain barrier (BBB).[53]

Animal data
Stumpf et al. in their experiment on PMD mouse model with 
preserved BBB demonstrated that a high‑fat/low‑carbohydrate 
ketogenic diet restored oligodendrocyte integrity and increased 
CNS myelination  [Table  1]. This dietary intervention also 
ameliorated axonal degeneration and normalized motor 
functions. They suggested that KDTs could have a potential 
therapeutic role in this disorder.[54]

Alternating hemiplegia of childhood (AHC)
AHC is a severe neurological disorder with infantile‑onset 
recurrent episodes of hemiplegia in either side of the body. 
Pathogenic variants of ATP1A3 primarily cause AHC with 
altered function of the Na+‑K+‑ ATPase pump, which 
maintains the resting state of the cell and functions as a signal 
transducer.[55]

Human data
Isolated case reports and case series described the potential 
beneficial effect of the ketogenic diet.[56‑58] They observed 
reduced frequency and severity of attacks, prolonged 
attack‑free periods (12‑15 months), reduced seizure frequency 
and anti‑epileptic drugs burden and improved neurocognition 
and motor skills [Table 1]. The mechanism of action of KD 
could be improvement in brain glucose hypometabolism and 
activation of widely distributed Na+‑K+‑ ATPase channels, 
which are present in an inhibited state in AHC.

KDT in Acute Neurological Emergencies

Traumatic brain injury
Animal data
Animal studies have suggested that the brain’s ability to use 
glucose as a fuel is impaired after brain injury. In addition, 
there is evidence that in state of acquired brain injury, ketone 
uptake and metabolism is favoured.

Many studies have shown that a ketogenic diet is an effective 
treatment therapy for traumatic brain injuries in rat models.[59‑61] 
Therefore, ketogenic diet therapy may be a potential therapeutic 
option in patients with acquired brain injury in paediatric ICUs. 
The various mechanisms implicated are reduced ability of 
brain to utilise glucose in times of oxidative stress and ketones 
being more energy efficient, tend to improve the cellular 
metabolism, reduce apoptosis and free radical generation and 
lead to improvement in cerebral blood flow.[62]

A more recent animal study was conducted to assess 
the neuropathological changes in the ipsilateral cortex 
homogenates and mitochondria for markers of oxidative 
and antioxidant expression and mitochondrial function in an 
animal‑based injury model fed with KD. They observed that 
the markers of oxidative stress were significantly attenuated 
and mitochondrial dysfunction was prevented with the KD. It 

could be concluded that ketogenic diet may improve cerebral 
metabolism in TBI.[63]

Clinical data
Apart from animal models, two studies have reported 
adults with traumatic brain injuries treated with a ketogenic 
diet.[64,65] They observed that ketogenic diets avoided states of 
hyperglycemia in post‑traumatic brain injury, despite providing 
sufficient calories. Such biochemical changes were shown to 
be neuro‑protective, without any serious adverse safety events.

Balance of evidence
Based on all the above‑mentioned studies, it is evident that 
ketone bodies might play a vital role in the neurological 
recovery. Though most evidence stems mainly from animal 
studies and small clinical studies, there is evident need for 
randomised clinical studies to understand a stronger correlation 
between introduction of KD and its effect on recovery 
post‑TBI. A  pilot study about the safety and feasibility of 
Ketogenic Diet in Traumatic Brain Injury (KETI) is currently 
underway. (https://clinicaltrials.gov/ct2/show/NCT03982602)

Ischemic stroke
Ischemic strokes cause brain damage by excitotoxicity and 
apoptosis within hours of insult. Few animal studies have 
demonstrated that ketones are associated with a decrease in 
biomarkers of apoptosis thereby implying relative neuron 
sparing effect after stroke. Ketone bodies protect neurons 
and prolong their survival from mechanisms that precipitate 
excitotoxicity and eventually death thereby exerting 
neuroprotective effects.[66]

The KD has been demonstrated to ameliorate free radical 
injury to neurons post‑stroke by improving the neuron’s 
ability to eliminate free radicals and protecting mitochondria 
from oxidative stress‑induced damage by an improvement of 
mitochondrial antioxidant capacity.[67]

Animal data
Julio‑Ampilas et  al. in their study on animal models also 
concluded that the KD leads to decreased cerebral oedema 
formation, infarct volume and reactive oxygen production after 
an ischemic insult.[68] Shaafi et al. in their study to evaluate 
the effects of KD preconditioning on early behaviour‑motor 
outcome of rats with induced cerebral ischemic stroke observed 
that rats in the KD group were able to adjust their steps quickly 
and efficiently and were also able to have more symmetrical 
hand movements compared to other groups. This suggested 
the putative role of KD in preconditioning with improvement 
of early motor and behavioural outcomes after ischemic 
stroke.[69] In another study by Yang et  al., KD‑fed mice 
were compared to mice fed low fat, high carbohydrate (HC 
group) diet and standard chow  (control group) after diet 
administration for 3  weeks followed by reversible middle 
cerebral artery occlusion.[70] KD‑fed mice showed low 
volume of infarct development and better regional cerebral 
blood flow, increased extracellular adenosine, increased 
expression of hypoxia inducible factor (HIF)‑ related genes, 
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and erythropoietin and VEGF protein levels compared to the 
other two groups [Table 1].

Balance of evidence
These observations support the therapeutic potential of KD in 
ischemic insults, which are associated with energy impairment 
and oxidative stress and which require treatments that can be 
effective when administered after the insult.

KDT in Other Neurological Conditions

Migraine
Migraine is a common, often underdiagnosed problem in 
children. The pathophysiology of the disorder presumably 
involves recurrent attacks of neurovascular pain triggered by 
a hyperexcitable and hypometabolic brain. Even in absence 
of robust scientific evidence, there has been a long debate 
regarding certain foods triggering the migraine attacks and 
role of dietary restrictions in prevention.[71]

This led to the thought of exploring the possible role of KDTs 
in preventive treatment of migraine. Experimental evidence 
indicates that KD may favourably act at different stages of 
migraine pathophysiology. It might help in restoring brain 
metabolism and excitability by inhibiting propagation of 
cortical spreading depression, improving the unbalance 
between excitatory and inhibitory neurotransmission, 
counteracting neuroinflammation and oxidative stress.[72]

Animal data
Animal studies have revealed KD significantly enhances 
brain metabolism by upregulation of genes encoding energy 
metabolism enzymes/mitochondrial proteins and increases the 
number of mitochondrial profiles and the phosphocreatine/
creatine ratio.[73]

Clinical data
Several human trials have also observed beneficial role of 
KDTs in migraine prophylaxis, causing significant reduction 
in attack frequency and intensity.[74‑76]

Balance of evidence
Although KDTs seem a promising therapeutic tool for migraine 
prevention in adults; however, well‑designed therapeutic 
trials evaluating benefits of KDTs in paediatric migraine are 
warranted.

The indications for KDT in neurological conditions in children 
are summarised in Table 2, based on efficacy.

Future Avenues for Research

The above review presents the evidence for KDTs in a host of 
conditions, apart from epilepsy.

More clarity is required in the mechanism of action of KDT, 
and how these mechanisms vary in different indications. 
It is clear that the evidence is in continual evolution, and 
data from high‑quality clinical trials is the need of the hour. 
Future research must focus on finetuning selection of patients 

who would benefit from the diet. Additionally, in resource 
constrained settings, the efficacy and tolerability of KD variants 
such as the MAD must also be assessed in randomised trials, 
as these are better accessible and affordable.

Further longitudinal data is also necessary on long‑term 
implications and possible adverse effects of KDTs, especially 
among patients with progressive neurological conditions who 
will require the KDT for prolonged durations.

Conclusions

The use of KDTs demonstrates numerous metabolic 
ramifications in the brain. As a consequence, these dietary 
therapies may be of benefit in several neurological conditions, 
apart from established benefit in epilepsy. However, this field 
is continuing to evolve, and much of the present evidence 
emanates from animal studies, case reports, case series 
and small studies. However, this may be worth trying in 
desperate situations, neurodegenerative conditions, several 
intellectual disability and malignant brain tumours. Apart from 
research settings, KDTs may be offered in selected patients 
after weighing risks and benefits with caretakers and family 
members. The understanding that the ketogenic diet needs 
regular medical supervision must be imparted. These dietary 
therapies must always be offered in concert with standard 
treatment and supportive care.
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